The RNA interference (RNAi) pathway, which processes long double-stranded RNA into small interfering RNAs and uses them to mediate gene silencing, is present in diverse eukaryotes, presumably with a role in transposon silencing or viral defence since early in eukaryotic evolution 1 . Building on this basal pathway, which includes the Dicer endonuclease and the argonaute (Ago) effector protein, some eukaryotic lineages have acquired additional pathways, each using unique classes of small RNAs to guide silencing. MicroRNAs, ,21-24-nucleotide RNAs that derive from distinctive hairpin precursors, pair to messenger RNAs to direct their posttranscriptional repression 2 . More than one-third of human genes are under selective pressure to maintain pairing to miRNAs, implying that these riboregulators influence the expression of much of the transcriptome 3 . Piwi-interacting RNAs are longer, ,25-30 nucleotides, with incompletely characterized biogenic pathways. In mammals and flies, piRNA expression is restricted to the germ line, where they have crucial roles in transposon defence, although one class of mammalian piRNAs, highly expressed at the pachytene stage of sperm development, has unknown function 4, 5 . The plant and algal miRNAs have gene structure, biogenesis and targeting properties distinct from those of animals [6] [7] [8] . These differences, considered together with the absence of miRNAs in fungi and all other intervening lineages examined, have led to the conclusion that miRNAs of animals and plants had independent origins 6 . Of the many miRNAs reported in Bilateria (Fig. 1) , ,30 appear to have been present in ancestral bilaterians [9] [10] [11] [12] ; however, none have been reported in the earliest branching animal lineages, leading to the hypothesis that bilaterian complexity might, in part, be due to miRNA-mediated regulation 11 . Likewise, piRNAs have not been reported outside Bilateria, raising the question of whether a rich small-RNA biology is characteristic of more complex animals, or whether these small RNAs might have emerged earlier in metazoan evolution.
Diverse microRNAs of the starlet sea anemone Eumetazoa includes the Bilateria as well as the Cnidaria. Among sequenced genomes Cnidaria is represented by the starlet sea anemone, Nematostella vectensis
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. To explore whether cnidarians have miRNAs, we sequenced complementary DNA libraries generated from 18-30-nucleotide RNAs isolated from Nematostella. High-throughput sequencing yielded 2.9 million reads perfectly matching the Nematostella genome (Fig. 2a) . To identify miRNAs, we considered properties that have proved useful for distinguishing bilaterian miRNAs from other types of small RNAs represented in sequencing data 14, 15 . The first criterion was the presence of reads mapping to an inferred RNA hairpin with pairing characteristics of known miRNA hairpins. The second was the presence of reads from both arms of the hairpin that, when paired to each other, formed a duplex with 2-nucleotide 39 overhangs. This duplex corresponds to an intermediate of miRNA biogenesis in which the miRNA and opposing segment of the hairpin, called the miRNA*, are excised from the hairpin through successive action of Drosha and Dicer RNase III endonucleases 2 . The third criterion was homogeneity of the miRNA 59 terminus. Because pairing to miRNA nucleotides 2-8 is crucial for target recognition 3 , reads matching bilaterian miRNAs display less length variability at their 59 termini than at their 39 termini 14, 15 . As exemplified by mir-2024d (Fig. 2b, c) , 40 distinct Nematostella loci met these criteria ( Fig. 2d and Supplementary Data 1; identical hairpins were not counted because they might have arisen from genome-assembly artefacts). Additional features, not used as selection criteria, resembled those of bilaterian miRNAs 2 , thereby increasing confidence in our annotations. For example, the loci usually mapped between annotated protein-coding genes (31 loci) or within introns in an orientation suitable for processing from the pre-mRNA (8 loci). The Nematostella miRNAs also had a tight length distribution (centring on 22 nucleotides, Fig. 2d ), and five groups of miRNAs (corresponding to 13 miRNAs) mapped near to each other in an orientation suitable for production from the same primary transcript (Supplementary Data 1), as occurs in bilaterians 2 . With the exception of two miRNA pairs (miR-2024a,b and miR-2024f,d), the Nematostella miRNAs had unique sequences at nucleotides 2-8, suggesting notable diversity of miRNA targeting in this simple animal.
Previous studies that explored the possibility that cnidarians might have miRNAs searched for Nematostella homologues of the ,30 miRNA families broadly conserved within the Bilateria by probing RNA blots and examining candidate hairpin sequences 11, 12 . These studies reported the possible presence of miR-10, miR-33 and miR-100 family members in Nematostella. None of our reads matched the proposed miR-10, miR-33 or miR-100 homologues, and none matched the proposed hairpin precursors of miR-10 or miR-33. Such discrepancies were not unexpected, because detection of distantly related miRNAs by hybridization is prone to false-positives, and many genomic sequences can fold into hairpins. However, one of the newly identified miRNAs arose from the hairpin of the reported miR-100 homologue. The actual miRNA was offset by one nucleotide compared to bilaterian miR-100 family members (Fig. 2e) . Because miRNA-targeting is defined primarily by nucleotides 2-8, this offset is expected to alter target recognition substantially, with the Nematostella version primarily recognizing mRNAs containing CUACGGG and UACGGGA heptanucleotide sites and the bilaterian versions recognizing mRNAs with two different sites, UACGGGU and ACGGGUA 3 . Despite this wholesale shift in their predicted targeting, the Nematostella and bilaterian versions of miR-100 had similarity throughout the RNA, suggesting common origins (Fig. 2e) . This result confidently extended the inferred origin of metazoan miRNAs back to at least the last common ancestor of these eumetazoans. Systematic comparison to annotated miRNAs did not reveal any additional Nematostella miRNAs with similarity exceeding that of shuffled control sequences ( Supplementary Fig. 1 ). Although the short length of miRNAs may cause sequence divergence to obscure common ancestry, it is noteworthy that only one of the 40 Nematostella miRNAs appeared homologous to extant bilaterian miRNAs, and even this one seemed to have profoundly different targeting properties.
MicroRNAs near the base of the metazoan tree To determine whether miRNAs might be present in more deeply branching lineages, we generated 2.5 million genome-matching reads from the small RNAs of the demosponge A. queenslandica, a poriferan thought to represent the earliest diverging extant animal lineage 16, 17 ( Figs 1 and 3a) . Eight miRNA genes were identified in Amphimedon adult and embryo samples ( Fig. 3b and Supplementary Data 2), exemplified by mir-2018 (Fig. 3c) . Six mapped between annotated protein-coding genes; two fell within introns. As is typical for bilaterian miRNAs 2 and is also found in Nematostella (Fig. 2d) , reads from one arm of the hairpin usually greatly exceeded those from the other arm, enabling unambiguous annotation of the miRNA and miRNA* (Fig. 3b) . However, the number of reads from the two arms of the mir-2015 hairpin did not differ substantially, suggesting that each might have similar propensities to enter the silencing complex and target miRNAs. Moreover, the species from the 39 arm (miR-2015-3p) dominated in adult tissue, whereas the one from the 59 arm (miR-2015-5p) dominated in embryonic tissue (Fig. 3d) , supporting the notion that this single hairpin produces two distinct miRNAs, and implying an intriguing, developmentally controlled differential loading into the silencing complex.
In Amphimedon, pre-miRNA hairpins were larger than most of those of other metazoans (Fig. 3e) . The Nematostella pre-miRNAs (including mir-100) fell at the other end of the spectrum, with a median length less than that of bilaterian pre-miRNAs (Fig. 3e) . None of the Amphimedon miRNAs shared significant similarity with any previously described miRNAs ( Supplementary Fig. 1 ), or with the miRNAs found in Nematostella. This observation, combined with their unusually large pre-miRNA hairpins, raised the possibility of an origin independent from that of eumetazoan miRNAs. Arguing against this possibility, we found Amphimedon homologues of Drosha and Pasha proteins (Table 1) , which recognize the miRNA primary transcript and cleave it to liberate the pre-miRNA hairpin 18 . Homologues of these proteins appeared to be absent in all lineages outside the Metazoa, indicating a single origin for these processing factors early in metazoan evolution and implying a single origin for their miRNA substrates.
A third animal lineage branching basal to the Bilateria is Placozoa, represented by the sequenced species Trichoplax adhaerens 17 . Although earlier analyses of mitochondrial genes suggested that Trichoplax diverged before Amphimedon, genomic data indicate that Trichoplax had a common ancestor with cnidarians and bilaterians more recently than with Amphimedon 17 ( Fig. 1 and Supplementary Discussion). Our study of Trichoplax small RNAs failed to find miRNAs, despite acquiring many more reads than required to identify miRNAs in all other animals and plants examined (Supplementary Figs 2 and 3) . Thus, despite the formal possibility that Trichoplax miRNAs are expressed at levels so low that we failed to detect them, we favour the hypothesis that all miRNA genes have been lost in this lineage. Trichoplax is thought to have derived from a more complex ancestor, having lost, for example, the hedgehog and Notch signalling pathways 17 . Supporting our hypothesis, no Pasha homologue was found in the Trichoplax genome, although we did find the core RNAi proteins-argonaute and Dicer-suggesting the production and use of small interfering RNAs (Table 1) . Drosha, which partners with Pasha during miRNA biogenesis 18 , was found also but might be required in the absence of miRNAs for ribosomal RNA maturation 19 . Of the proteins involved in canonical miRNA biogenesis, Pasha is the one without known functions outside the miRNA pathway, and it was the one that appeared to have been discarded, together with all miRNAs, from the Trichoplax genome (Table 1) .
We also sequenced small RNAs from the single-celled organism Monosiga brevicollis (Supplementary Fig. 2 ), which represents the closest known outgroup to the Metazoa 20 . We failed to detect any plausible miRNAs, a result consistent with our subsequent finding that Monosiga seems to lack all genes specific to small-RNA biology ( Table 1 ). The absence of Dicer and argonaute seemed to be derived rather than ancestral, as the common ancestor of Monosiga and metazoans possessed these core RNAi proteins 1 ( Table 1 ). The possibility that the absence of miRNAs in Monosiga might likewise be derived prevented us from setting an early bound on the origin of metazoan miRNAs.
In summary, miRNAs appear to have been available to shape gene expression since at least very early in animal evolution. Nonetheless, the numbers identified in simpler animals (8 unique miRNAs in Amphimedon and 40 in Nematostella) were lower than those reported in more complex animals ( Fig. 1) . Although miRNAs expressed only under specific conditions or at restricted developmental stages were possibly missed in these and other animals, our results are consistent with the idea that increased organismal complexity in Metazoa correlates with the number of miRNAs and presumably with the number of miRNA-mediated regulatory interactions.
Piwi-interacting RNAs in deeply branching animals
We next turned to the possibility that piRNAs also might have early origins. Piwi proteins, the effectors of bilaterian piRNA pathways, are found in diverse eukaryotic lineages (although not in plants or fungi, Table 1 ), implying their presence in early eukaryotes 1 . In cases characterized, however, the small RNAs associated with non-metazoan Piwi proteins resemble siRNAs more than bilaterian piRNAs (deriving, for example, from Dicer-catalysed cleavage of long doublestranded RNA 21 ), raising the question of when piRNAs of the types found in Bilateria might have emerged. The genomes of both Amphimedon and Nematostella, but not that of Trichoplax, encode Piwi proteins (Table 1) piRNAs in vertebrates and flies 5 . Moreover, 45% of Nematostella 59-U 27-30-nucleotide RNAs originated from only 89 genomic loci (together comprising 0.4% of the genome), the largest of which was 62 kilobases, and essentially all of these small RNAs derived from one strand of each locus ( Fig. 4a and Supplementary Table 3 ). In these respects the genomic loci producing a large fraction of the Nematostella reads closely resembled the loci producing bilaterian piRNAs, particularly the pachytene piRNAs 5 . We observed a similar clustering of genomic matches of Amphimedon 59-U 24-30-nucleotide RNAs, although the loci were smaller and accounted for fewer reads (10% of the reads originating from 73 loci comprising 0.2% of the genome, Supplementary Table 4) .
Another characteristic of piRNAs is that they undergo Hen1-mediated methylation of their terminal 29 oxygen 22 . To test for this modification, we treated RNA from Nematostella and Amphimedon with periodate and then re-sequenced from both treated and untreated samples ( Supplementary Fig. 4 ). Piwi-interacting RNAs and other RNAs modified at their 29 oxygen remain unchanged with this treatment and are sequenced, whereas those with an unmodified 29,39 cisdiol are oxidized, which renders them refractory to sequencing 23 . In contrast to the Amphimedon miRNAs and many of the Nematostella miRNAs (Supplementary Tables 1 and 2 ), reads corresponding to the candidate piRNA clusters in both Nematostella and Amphimedon were not reduced after treatment (Supplementary Tables 3 and 4) , indicating that their terminal 29,39 cis-diol was modified. This modification, considered together with their other features characteristic of vertebrate and fly piRNAs, including the length of 25-30 nucleotides, the 59-U bias, and the single-stranded, clustered organization of their genomic matches, provided evidence that these small RNAs represented piRNAs of Nematostella and Amphimedon.
The piRNAs were the type of small RNAs most abundantly sequenced in Nematostella and Amphimedon (Figs 2a and 3a , and Supplementary Discussion). A similar phenomenon is observed in mammalian testes, in which the pachytene piRNAs greatly outnumber the miRNAs and initially obscured detection of a second class of mammalian piRNAs, which resemble the most abundant Drosophila piRNAs with respect to both their biogenesis and their apparent role in suppressing transposon activity 24 . Most of the Nematostella and Amphimedon genomic loci with clustered piRNA matches resembled the first class of piRNAs, in that they tended to fall outside of annotated genes (P , 10
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, Wilcoxon rank-sum test) and spawned piRNAs predominately from only one DNA strand (.99% and 96% from one strand, Nematostella and Amphimedon, respectively). To determine whether the second class of piRNAs might also exist in deeply branching lineages, we analysed the sequences from periodate-treated samples, focusing on the minority that matched annotated protein-coding genes (Fig. 4b) . As expected for class II piRNAs, these piRNAs did not have such a strong tendency to match only one strand of the DNA (62% and 64% antisense for Nematostella and Amphimedon, respectively). Moreover, among the predicted coding regions with the most matches to the piRNAs, a significant fraction (18 of 50 in Nematostella, P , 10
; 12 of 40 in Amphimedon, P 5 0.03, Supplementary Tables 5  and 6 ) were homologous to transposases.
Having found small RNAs resembling bilaterian class II piRNAs we looked for evidence that they were generated through the same feed-forward biogenic pathway 4, 25 . In this pathway, primary piRNAs from transcripts antisense to transposable elements pair to transposon messages and direct their cleavage. This cleavage defines the 59 termini of secondary piRNAs generated from the transposon message, and these secondary piRNAs pair to piRNA transcripts, directing cleavage and thereby defining the 59 termini of additional piRNAs resembling the primary piRNAs. Because the primary piRNAs typically begin with a 59-U and direct cleavage at the nucleotide that pairs to position 10, the secondary piRNAs typically have an A at Tables 5 and 6 . c, Nucleotide composition of periodate-resistant small RNAs matching the indicated strand of Nematostella or Amphimedon annotated coding regions. position 10. Examination of all 27-30-nucleotide periodate-resistant reads antisense to Nematostella coding regions revealed a propensity for a 59-U, characteristic of primary piRNAs (Fig. 4c) . The sensestrand piRNAs lacked this 59-U bias and instead displayed a propensity for an A at position 10 ( Fig. 4c and Supplementary Fig. 5 ). Moreover, sense and antisense reads that paired to each other tended to have 10 base pairs formed between their 59 ends ( Supplementary  Fig. 6 ). For the 24-30-nucleotide periodate-resistant reads from Amphimedon, the same hallmark features of the back-and-forth, or ping-pong, amplification cycle for piRNA biogenesis 4, 25 were observed ( Fig. 4c and Supplementary Fig. 6 ). We conclude that the two classes of piRNAs found previously in mammals and flies have existed since the origin of metazoans: the class I piRNAs, represented by the mammalian pachytene piRNAs, which have unknown function during germline development, and the class II piRNAs, which use the ping-pong cleavage and amplification cascade to quiet expression of certain genes, particularly those of transposons. Indeed, the sequence-based transposon silencing by piRNAs, which by virtue of the feed-forward amplification process focuses on the most active transposon species, might be one of the principle drivers of transposon diversity in animals.
Taken together, our results indicate that miRNAs and piRNAs, as classes of small riboregulators, have been present since the dawn of animal life, and indeed might have helped to usher in the era of multicellular animal life. However, metazoan miRNA evolution seems to have been very dynamic: all miRNAs have been lost in Trichoplax, and the pre-miRNAs of Porifera, Cnidaria and Bilateria have assumed distinct sizes. In addition, no miRNAs have recognizable conservation between poriferans, cnidarians and bilaterians, with only one of the Nematostella miRNAs displaying recognizable homology to bilaterian miRNAs, either because it is the only homologue of extant bilaterian miRNAs or because divergence has obscured common ancestry of other miRNAs. The wholesale shifts in miRNA function implied by this plasticity are congruent with the report that, although thousands of miRNA-target interactions have been maintained within each of the nematode, fly and vertebrate lineages, very few appear to be conserved throughout all three lineages 26 . The plasticity of miRNA sequences over long timescales helps to explain why the rich small-RNA biology in basal organisms had escaped detection for so long.
METHODS SUMMARY
The M. brevicollis library was constructed as described 14 and sequenced by 454 Life Sciences. All other libraries (Supplementary Table 7) were constructed using an analogous method and sequenced on the Illumina platform.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
